Linear Analysis of Electronic Switching by Ahmed, Rais
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[ R e c e i v e d  f oi  p u b l i c a t i o n ,  M a y  2,  j g^u)
a b s t r a c t , a  linear annlvsis of the iijultixMbiator circuit has been made and it is 
.shown that the time of switch over between two relaxation states can be calculated with 
n fair degree of accuracy. Variation of the time of 1 ise with various circuit parameters has 
luai studied and results have been compared with observational data Hy nierns of this 
analysis a criterion for the design of fast sw itching circuits has been indicated
T h e  c u r r e n t - v o l t a g e  r c l a t i o n s l n p  i n  n  v a c u u m  t u b e  i s  n o n - l i n e a r  a n d ,  
t h e r e f o r e ,  a n y  e x a c t  a n a l y s i s  o f  c i r c u i t s  u s i n g  s u c h  t u b e s  w o u l d  h a v e  t o  
d e p e n d  o n  t h e  s o l u t i o u  o f  n o n  l i n e a r  d i f f e r e n t i a l  e c i u a t i o n s .  I n  f a c t ,  c o n s i d e r ­
i n g  t h e  a c t u a l  g r i d  v o l t a g e - p l a t e  c u r r e n t  c h a r a c t e r i s t i c  o f  a  t u b e  o n e  m a y  
h a v e  t o  r e s o r t  t o  g r a p h i c a l  m e t h o d s  s i n c e  a n a l y t i c a l  e x p r e s s i o n s  f o r  s u c h  
c l i a r a c t e n s t i c s  a r e  o n l y  a p p r o x i m a t i o n s .  I t  i s  b e c a u s e  o f  t h e s e  f a c t s  t h a t  
c o t i s i d e i a b l e  d i f f i c u l t i e s  h a v e  b e e n  e x p e r i e n c e d  i n  t h e  a n a l y s i s ,  i n  p a r t i c u l a r ,  
o f  i c l a x a t i o u  c i r c u i t s ,  w h i c h  h a v e  o t h e r w i s e  p r o v e d  t o  b e  s o  u s e f u l  i n  a  v e r y  
l a r g e  m i n i b e i  o f  m o d e r n  t i m i n g ,  s w i U l i i i i g  a n d  c o n t r o l l i n g ,  d e v i c e s
I n  t h e  d i s c  o f  m u l t i v i b r a t o r s ,  w h i c h  f o r m  a  b a s i s  o f  s o  m a n y  a b o v e -  
m e n t i o n e d  c i r c u i t s ,  a  n u m b e r  o f  p a p e r s  h a v e  a p p e a r e d ,  e g .  K i e b e r t  a n d  
h i g l i s  ( 1 Q 4 5 ) ,  o n  t h e  c a l c u l a t i o n  o f  t h e  r e l a x a t i o n  p e r i o d s .  I ' l i c  s w i t c h i n g  
p e i i o d ,  w h i c h  l i e s  b e t w e e n  t w o  s u c c e s s i v e  r e l a x a t i o n s ,  h a s  n o t  b e e n  f u l l y  
i n v e s t i g a t e d  ( W i l l i a m s ,  A l d r i c h ,  W o o d f o r d ,  1 9 5 0 ;  A h m e d ,  1 9 ^ 8 ) ,  a n d  m a n y  
a i i l l i o r s ,  c o n s i d e r i n g  l o w e r  f r e q u e n c i e s  o f  o p e r a t i o n ,  h a v e  s i m p l y  a s s u m e d  
t h i s  p e r i o d  t o  b e  z e i o .  W h e n  m u l t i v i b r a t o r s  o r  s i m i l a r  o t h e r  c i r c u i t s  a r e  
h e m g  u s e d  t h e s e  d a y s  i n  e v e r  f a s t e r  n e t w o r k s ,  i t  b e c o m e s  i m p e r a t i v e  t o  
i n v e s t i g a t e  t h e  s w i t c h i n g  p e r i o d ,  e v e n  w i t h  a  s m a l l  m a r g i n  o f  e i r o r  T h e  
d e s i g n i n g  e n g i n e e r  o r  p h y s i c i s t  m u s t  h a v e  s o m e  q u a n t i t a t i v e  i n f o r m a t i o n  
a b o u t  t h e  s w i t c h i n g  t u n e .
T h e  c i r c u i t  o f  a  s y i n i i i e t n c a l  m u l t i v i b r a t o r ,  o r i g i n a l l y  g i v e n  b y  A b r a h a m  
a n d  B l o c h  ( 1 9 2 7 ) ,  i s  s h o w n  i n  F i g .  i  a n d  i t s  o p e r a t i o n  h a s  b e e n  e x p l a i n e d  b y  
s e v e r a l  a u t h o r s .  T h e  v o l t a g e  w a v e f o i n i s  a t  t h e  t w o  g r i d s  a r e  s h o w n  i n  
F i g  2 ; i t  i s  t h e  p e r i o d  a b  w h i c h  i s  r e f e r r e d  t o  a s  t h e  s w i t c h i n g  l i m e ,  
M iic e  i t  i s  d u r i n g  t h i s  t u n c  t h a t  o n e  t u b e  i s  b e i n g  s w i t c h e d  o n  w h i l e  t h e  
e t h e r  i s  b e i n g  s w i t c h e d  o f f .  D u r i n g  a b  b o t h  t h e  l u b e s  a r e  c o n d u c t i n g  a n d  
s i n c e  t h e  o u t p u t  o f  o n e  i s  c o n n e c t e d  t o  t h e  o t h e r ,  i t  i s  d u r i n g  a b  t h a t  t h e  
g r i d  v o l t a g e  o f  o n e ,  d u e  t o  c u m u l a t i v e  a m p l i f i c a t i o n ,  i s  r a p i d l y  r i s i n g  w h i l e
* A part of ihis work was done by the author a*! contract research for Princeton 
duiversity, N . J ., U. S. A .
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t h a t  o f  t h e  o t h e r  i s  r a p i d l y  f a l l i n g .  B a s i c a l l y ,  t h e r e f o r e ,  t h e  p r o b l e m  o f  
d e t e r m i n i n g :  t h e  s w i l c h - o v e r  t i m e  a m o u n t s  t o  a  s o l u t i o n  o f  t h e  d i f f e i e n t i a l  
e q u a t i o n s  f o r  t h e  g r i d  v o l t a g e  i n  t h e  e q i v a l e n t  a m p l i f y i n g  c i r c u i t  o f  F i g .  3 
w i t h  a p p r o p r i a t e  b o u n d a r y  c o n d i t i o n s .
F i g . I
A ,s>’imiiLtn('al mulLiv ilnattjr
F i g . 2
The grid voltage nave fonii.s of a .syninittrical inultivibr.’itui
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T o  f a c i l i t a t e  t h e  a p p l i c a U o n  o f  t h e  l i n e a r  m e t h o d  o f  c i r c u i t  a n a l y s i s  s o m e  
s i m p l i f y i n g  a s s u m p t i o n s  h a v e  t o  b e  m a d e  r e g a r d i n g  t h e  a - c  o p e r a t i o n  o f  t h e  
m u l t i v i b r a t o r .
1 .  I t  m a y  b e  a s s u m e d  t h a t  t h e  r e l a x a t i o n  t i m e  o f  t h e  c i i c u i t  i s  l a r g e  
c o m p a r e d  t o  t h e  s w i t c h i n g  t i m e  T h i s  w o u l d  p e r m i t  t h e  o m i s s i o n  o f  t h e  
c o u p l i n g  c o n d e n s e r s  f r o m  t h e  e q u i v a l e n t  c n c u i t  o f  T i g  3 a n d  i s  a  n a l i i n i l  
a s s u m p t i o n  f o r  l o w  f r e q u e n c y  m u l t i v i b r a t o r s .  W l i e n  h i g h  f r e q u e n c y  i i i u i t i -  
v i b r a t o r s  w i l l  b e  c o n s i d e r e d  t h e s e  c o u p l i n g  c o n d e i i s e i s  w i l l  h a v e  U ) b e  
r e s t o r e d .
2 .  I t  m a y  b e  a s s u m e d  t h a t  t h e r e  i s  n e g l i g i b l e  i n d u c t a n c e  i n  t h e  
c o m p o n e n t s  a t  t l i e  f r e q u e n c i e s  u n d e r  c o n s i d e r a t i o n .
3 .  I t  m a y  b e  a s s u m e d  t h a t  t h e  t u b e s  u s e d  h a v e  n e g l i g i b l e  g r i d  t o  p l a t e
c a p a c i t a n c e  C , /p,  1 l i i s  a s s u m p t i o n  w o u l d  b e  v a l i d  o n l y  f o r  p e n t o d e  t u b e s ,
a n d  a t  l o w e r  f r e q u e n c i e s .
4 .  I t  m a y  a l s o  b e  a . s s i u i i e d  t h a t  d u r i n g  t h e  i n t e r v a l  n h  t h e  v a l u e  o f  t h e  
m u t u a l  c o u d u c t a n c e  o f  t h e  t w o  t u b e s  r e m a i n s  c o n s t a n t  a n d  i s  e q u a l  t o  t h e  
i i o i i i i a l  v a l u e  g„\  I n  f a c t ,  t i n s  i s  t h e  w e a k e s t  a s s u m p t i o n  o f  a l b  s i n c e  t l i e  
f u l l  v a l u e  o l  t h e  m u t u a l  c o n d u c t a n c e  o f  t h e  t u b e  t h a t  s t a r t s  t o  b e  s w i t c h e d  
o n  a t  t h e  i n s t a n t  a  ( F i g . 2 ) i s  n o t  e s t a b l i s h e d  t i l l  . s o m e w h a t  l a t e r  t h a n  « . 
H o w e v e r ,  f o i  t h e  s a k e  o f  l i n e a r i s i n g  t h e  a n a l y s i s  t h i s  a s s u m p t i o n  h a s  t o  b e  
m a d e ,  a n d  i t  c o n i c s  c l o s e  t o  b e i n g  t r u e ,  a g a i n ,  in  t h e  c a s e  o f  p e n t o d e  t u b e s ,
W i t h  t h e  a b o v e - m e n t i o n e d  a s s u m p t i o n s  t h e  s i m p l e  e q u i v a l e n t  c i r c u i t  o f  
F i g .  4  i s  o b t a i n e d ,  a n d  i t s  d i f f e r e n t i a l  e q u a t i o n s  a r e  g i v e n  b e l o w  ( p .2 8 5 )  w h c i e
- g a ^ i
F'ig a
A siuiplifit'd fl-c equivalent circuit cif the 
.‘.vninietncal multivibrator
t h e  t o t a l  s h u n t i n g  c a p a c i t a n c e s  a n d  c o n d u c t a n c e s  a r e  i n d i c a t e d  b y  t h e  l e t t e r s  
C a n d  G ,  a n d  d e n o t e s  t h e  t i m e  d e r i v a t i v e  d / d t ‘
( G j  +  i) t ’ i  +  g u io C a “
{ ( 1 .  + P C \ ) € . = ^ 0  . (2 )
T h e  d e t e n m i i a n t  o f  t h e s e  e q u a t i o n s  i s  w r i t t e n  i n  a n  e x p a n d e d  f o i m  
b e l o w ,  a n d  i t  h a s  b e e n  e q u a t e d  t o  z e i o  s o  t h a t  t h e  e x p o n e n t i a l s  a r i s i n g  i n  
t h e  c i r c u i t  m a y  b e  t l e t e n n i n c d .
+  p[C,C,., +  fb(G) +  lGi( G + gmigm,) = 0  * • ■ (3)
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I f  C J C t i , t h e  s h u u t  t i m e  c o n s t a n t ,  i s  d e n o t e d  b y  f j , ,  a n d  C 2 / G 2  b y  G j  
t h e  m i d - f r e q u e n c y  a m p l i f i c a t i o n  g m i i G i  i s  d e n o t e d  b y  A t ,  a n d  g „ a l G 2  b y  
a n d  A r A 2  =  A ' ' ,  t h e n  t h e  r o o t s  o f  ( 3 )  a r e
Cl)
(s)
r /  \ *  ■* i i
+ G J  ± I T ( “  -  —
'  t  J J a ! .1 t a  «
L ' )
i n  a  s y m m e t r i c a l  c i r c u i t  t h e  r o o t s  w i l l  b e .
1) =
I t  i s  o b v i o u s l y  t h e  p r e s e n c e  o f  t h e  p o s i t i v e  r o o t  w h i c h  c a u s e s  i i ^ s t a b i -  
l i t y  a n d  m a k e s  t h e  g r i d  v o l t a g e s  i \  a n d  Ca r i s e  o r  fa " .i  r a p i d l y  t o  t l i ie  l e v e l  
w h e r e  t h e  t u b e  t h a t  w a s  p r e v i o u s l y  c o n d u c t i n g ,  n o w  g o e s  o f f  a n d  t h e \  o t h e r  
o n e  c o m e s  o n .  I t  i s  f u r t h e r  s e e n  t h a t  t h e  c o n d i t i o n  o f  d i s a p p e a r a n c e  m  t h e  
p o s i t i v e  r o o t  i s  t h a t  y l , t h e  m i d - f r e q u e n c p  a m p l i f i c a t i o n  s h o u l d  b e  l e s s  ^ t h a n  
u n i t y .  T h i s  r e s u l t  c o u l d ,  o f  c o u r s e ,  b e  a n t i c i p a t e d  f r o m  a  s i m p l e  f e e d b a c k  
c o n s i d e r a t i o n ,  b u t  i n  t h i s  c a s e  i t  o n l y  c o n f i r m s  t h e  v a l i d i t y  o f  t h e  c a l c u l a t i o n  
I t  i s  a l s o  c l e a r l y  i n d i c a t e d  t h a t  t h e  r e q u i r e m e n t  f o r  a  r a p i d  s w i t c h - o v e r ,  o r  
l a r g e  p o s i t i v e  r o o t ,  i s  t h a t  t h e  q u o t i e n t  g m l C  s h o u l d  b e  l a r g e .
I n  o r d e r  t o  d e r i v e  a n  e x p l i c i t  e q u a t i o n  f o r  t h e  t i m e  o f  r i s e  f o r  o r  
d u i m g  t h e  s w i t c h i n g  i n t e r v a l ,  o n e  o f  t h e  v o l t a g e s  m a y  b e  w r i t t e n  a s  f o l l o v w s  :
:6 )
B e f o r e  p r o c e e d i n g  w i t h  t h e  a p p l i c a t i o n  o f  t h e  b o u n d a r y  c o n d i t i o n s ,  h o w e v e r ,  
i f  C j i s  c o n s i d e r e d  t o  b e  t h e  e x p r e s . s i o i i  f o r  t h e  g r i d  v o l t a g e  o f  t h e  t u b e  t h a t  
i s  b e i n g  s w i t c h e d  o n ,  i t  i s  u s e f u l  t o  c o n s i d e r  t h e  f a c t  t h a t  t h e  v o l t a g e  Ci  . s t a r t s  
r i s i n g  r a p i d l y  f r o m  a  v a l u e  -  K i, ( t h i s  i s  n o t  t h e  s a m e  a s  t h e  c u t - o f i f  v o l t a g e  
—  K c i ,  i n  t h e  c a s e  o f  s t a t i c  p l a t e  v o l t a g e )  t h a t  i s ,  t h e  g r i d  v o l t a g e  a t  w h i c h  p l a t e  
c u r r e n t  j u s t  s t a r t s  t o  f l o w .  T h e  s w i t c h - o v e r  l i m e  m a y ,  t h e r e f o r e ,  b e  d e f i n e d  
a s  t h e  t i m e  r e q u i r e d  b y  C j ,  g i v e n  i n  e q u a t i o n  ( 6 ) ,  t o  r i s e  f r o m  a  v a l u e  z e r o  b y  
a n  a m o u n t  | E u  I- A l t e r n a t i v e l y ,  t h e  e x p r e s s i o n  f o r  m a y  b e  m o d i f i e d  a n d  
p u t  i n  t h e  f e r m
=  . . .  ( 7 )
.so t h a t  t h e  t i m e  o f  s w i t c h - o v e r  m a y  b e  d e f i n e d  a s  t h e  t i m e  r e q u i r e d  l> y  r , ,  
g i v e n  b y  e q u a t i o n  ( 7 ) ,  t o  r i s e  f r o m  a  v a l u e  - E u  t o  z e r o  v o l t s .
I t  i s  o b v i o u s  t h a t  t h e . s e  t w o  e x p r e s s i o n s  w i l l  y i e l d  t h e  s a m e  v a l u e  o f  t h e  
t i m e  o f  s w i t c h - o v e r ,  b u t  i t  m a y  b e  a d d e d  t h a t  e q u a t i o n  ( 7 )  j i r o v e s  t o  b e  m o r e  
c o n v e n i e n t  f o r  m a t h e m a t i c a l  h a n d l i n g  a n d  w i l l  t h e r e f o r e  b e  u s e d  in  a l l  
f u r t h e r  c a l c u l a t i o n s .
E q u a t i o n  ( 7  h a s ,  t h e n ,  t o  b e  . s o l v e d  w i t h  t w o  b o u n d a r y  c o n d i t i o n s .  T h e  
f i r s t  i s  t h a t  a t  t u n e  f  =  e |  =  — E q a n d  t h e r e f o r e  j 1 \  +  A 2  —  0 .  T h e  
s e c o n d  b o u n d a r y  c o n d i t i o n  i s  t h a t  a t  t =  o ,  t h e  s l o p e  o l  6 ]  g i v e n  f r o m  e q u a t i o n  
( 7 )  s h o u l d  b e  t h e  s a m e  a s  t h e  s l o p e  o f  t h e  g r i d  v o l t a g e  i n  t h e  p r e c e d i n g
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r e l a x a t i o n  p e r i o d  a t  t j u s t  l e s s  t h a n  z e r o .  T h i s  s l o p e  c a n  b e  p r o v e d  t o  b e  
c o n t i n u o u s  b y  a n  e l a b o r a t e  m a t h e m a t i c a l  a n a l y s i s  b u t  t h e  f o l l o w i n g  p h y s i c a l  
e x p l a n a t i o n  a l s o  s h o w s  t h e  s a m e  . T h e  g r i d  w h o s e  v o l t a g e  g \ i s  b e i n g  c o n ­
s i d e r e d  i s  t h e  g r i d  o f  t h e  t u b e  t h a t  w a s  o f f  a t  i  <  o  a n d  w h i c h  i s  c o u p l e d  
t h r o u g h  t h e  c o n d e n s e r  C c  t o  t h e  p l a t e  o f  t h e  t u b e  t h a t  w a s  c o n d u c t i n g  c u r r e n t  
a t  f  < 0  a n d  c o n t i n u e s  t o  c o n d u c t  t i l l  a f t e i  t  =  o .  W i t h  r e f e r e n c e  t o  F i g .  4  
g m  i s  t h e  m u t u a l  c o n d u c t a n c e  t h a t  i s  a s s u m e d  t o  j u m p  f r o m  z e r o  t o  a  c o n s t a n t  
( n o r m a l )  v a l u e .  T h i s  . l u m p  w i l l  c a u s e  a  d i s c o n t i n u i t y  i n  t h e  d e r i v a t i v e  o f  
t h e  c u r r e n t  f l o w i n g  i n t o  t h e  p l a t e  o f  t h i s  t u b e ,  b u t  d u e  t o  t h e  s h u n t i n g  
c a p a c i t a n c e  t h e  v o l t a g e  a t  t h e  p l a t e  w i l l  b e  c o n t i n u o u s .  T h i s  v o l t a g e  i s  
t r a n s f e r r e d  b y  t h e  c o u p l i n g  c o n d e n s e r  t o  t h e  g r i d  o f  t h e  s e c o n d  t u b e ,  a n d  
t h e n c e  t o  t h e  p l a t e  o f  t h e  s e c o n d  t u b e .  T h e  q u a n t i t y  i s  c o n t i n u o u s
b e c a u s e  b o t h  i t s  c o n s t i t u e n t s  a r e  c o n t i n u o u s ,  a n d  s i n c e  t h i s  c u r r e n t  d e t e r m i n e s  
t h e  s l o i i e  d e n ' d i ,  i t  i s  c o n c l u d e d  t h a t  d e i j d L  m u s t  a l s o  b e  c o n t i n u o u s  
T h e  r e l a x i n g  c o n d e n s e i  v o l t a g e  i s  g i v e n  b y  t h e  w e l l - k n o w n  e q u a t i o n  :
<>. =  ( m o s t  D o e a l i v e  v o l t a g e )  2 '
w h e r e  I'  i s  m e a s u r e d  f r o m  t h e  i n s t a n t  t h e  c o n d e n s e r
(8)
r e a c h e s  i t s  m o s t
n e g a t i v e  v o l t a g e ,  T ~ C ,  ( R , j  | a n d  t =  o  o f  e q u a t i o n  ( 7 )
c o r r e s p o n d s  t o  t h a t  v a l u e  o f  /' w h i c l i  m a k e s  r, =  - E q - T h u s ,  
i d e , .  \ _ '  E g  1 _
d t c, =  - E „ d t
a n d  f i n a l l y ,
e i  =
—  1 ^ 0
r { p , ~ p 2 )
T
A  \p^ ■ ■^ A^^p.j
(9)
r  H K 'r R N S I E N '1' S VV I T C H-O V E R '1' 1 M E
I t  c a n  n o w  b e  s e e n  t h a t  t h e  s w i t c h - o v e i  t i m e  o r  t h e  t i m e  o f  r i s e  l r »  b e i n g  
t h e  t i m e  r e q u i r e d  f o r  C j  t o  b e c o m e  z e r o ,  c a n  b e  e a s i l y  c a l c u l a t e d  H o w e v c i ,  
t h e  e x p l i c i t  e q u a t i o n  f o r  £“2 c a n  a l s o  b e  d e r i v e d ,  a n d  i f  t h e  t i m e  t r g j  r e q u i r e d  
b y  C2 f i o  f r o m  z e r o  t o  — K q i s  s h o r t e r  t h a n  f r i i  t h e n  o f  c o u r s e  t h e  a m p l i ­
f y i n g  c i r c u i t  w i l l  b e  o p e n e d  a t  t h e  i n s t a n t  f r 2  a n d  i n  s u c h  a  c a s e  1 ^ 2  w i l l  
b e  t h e  e f f e c t i v e  s w i t c h - o v e r  t i m e  o f  t h e  w h o l e  c i r c u i t .  I t  m a y  b e  n o t i c e d  
t h a t  a s  far a s  t h e  d e s i g n  w o r k  i s  c o n c e r n e d ,  t h e  e x p o n e n t i a l s  f o r  e i  a n d  e "  
b e i n g  t h e  s a m e ,  t h e  v a l u e  o f  e i t h e r  t ,  i o r  f r s  c a n  b e  t a k e n  a s  t h e  b a s i s  o f .  
t h e  c a l c u l a t i o n .  - ' . c.
, In order.-to h a v e  a m ; x p l i c i t  e q u a t i o n  f o r  t h e  t i m e  o f  r i s e ^  t h e  expofienHa l^:*’ 
t ^ j u  w i t h  <gi n e g a t i v e  j c o e f f i c i e n t  m a y  b e  o m i t t e d i ^ b e c a u s e  t h i s  t e r m  r a p i d l y ^ ' ' .  
d ^ g r(^ a & Q $  t p  z e r o , a n d  o n l y ,  a l l , e e l s ,  t h e  f o r m  o f  t h e  g r i d  v o l t a g e  iU ' 
b e g i n n i n g .
3 ~ 1 7 3 8 P - - 7
T h u s ,
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(lO)
Id ( R , +
1 1  R , , R i  +  R  
C  \ ---
p R  L \ 2£^m^ c I
+  R .  c  J
u R h  +  R p R p  j
, R „ R .  )
( i r )
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  q u a n t i t y  - E q  d o e s  n o t  a p p e a r  i n  t h i s  
e x p r e s s i o n  f o i  i r  d u e  t o  t h e  s p e c i a l  b o u n d a r y  c o n d i t i o n s .
T h e  c a l c u l a t e d  v a r i a t i o n s  o f  t h e  t i m e  o f  r i s e ,  w h e n  t h e  v a r i o u s  ( j l e m e n t s  
i n  t h e  c i r c u i t  a r e  v a r i e d ,  h a v e  b e e n  p l o t t e d  i n  F i g s .  5 ,  6  a n d  7  a n d  a  s e t  o f
' ‘ Calculated curves for the variation of the time rise with ‘
.‘'banting cap.icitn s constant
o b s e r v a t io b s  to  c h e c k  th e s e  le s u l t s  h a s  b e e n  g iv e n  in  T a b l e  I .  F u r t h e r  
o b s e r v a t io n a l r e s u lt s  a re  fo u n d  in  r e fe r e n c e  ( A h m e d , 1 9 4 8 ). I n  c o n n e c t io n  w ith  
p jo t t in g  th e  d a ta  in  F i g .  5 ,  it  m a y  b e  r e m a r k e d  t h a t  th e  o b s e r v e d  t im e  o f  r ise  
fo r  z e r o  e x t e r n a l  s h u n t  c a p a c i ta n c e  w a s  t a k e n  a s  t h e  b a s is  foi* e s t im a t in g ' th e  
s f e c t i v e  s T iu u t in g  c a p a c i ta n c e .  T h i s  is  fo u n d  t o t e  1 5 0  ( in c lu d in g  th e  
e t e e t b f  a n d  so  15 0  p-fif h a s  b e e n  a d d e d  t o  th e  e x t e r n a l l y  c o n n e c te d  
c o n d e n s e r  in  e a c h  o b s e r v a t i o n ; -
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iu micro-mhos 
P'ro 6
Calculfited curves for the variation of the time of rise with 
mutual conductance C ,  constant
in micro-mhos
F i g . 7
Calculated curves foi the variation of the time of rise with 
mutual couducteiice C cuiisiant
The divergence between the observed and calculated results is noticeable 
as the shunting capacitance becomes large as compared to the coupling 
»upacitonce. This is natural since the equation for the time o£ rise was 
developed on the assumption that the coupling condenser was very much 
larger than the total shunting capacitance.
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T able I







0 p i i f J50 gg/. 0 4 g sec.
100 ,, 250 ,, 06
200 ,, 350 ,, 0.8
.. 450 I 0
sw  ,, 650 ,, I 4
700 805 1-7
jnoo ,, 1^50 ,, 22 ,,
The effect of grid io plaic capacitance L\p
Under the same set of assumptions as above, the exponentials‘which 
determine the time of rise are given by :
y i^— {gm G)  ; p^---- + (12)
These show clearly that the positive root P\ has been considerably decreased, 
and that the time of rise will therefore increase when an appreciable amount 
of grid to plate capacitance is present. When it is desired to reduce the 
switch-over time in a circuit, it is necessary to minimise the capacitance C^p. 
A set of observations is given in Table II Lo illustrate the effect of C,,p and 
a comparison with the previous set will indicate that C^p is several times more 
effective per micro-farad in changing the time of rise than the shunting 
capacitance. From these observations, however, it is not possible lo separate 
the Cgp from the rest of the shunting capacitance.
T able II
Circuit of Fig. i  with Ru = R„ — jo kO ; C\. =3000 nfif. ; 6J5 tubes at 100 volts.
Externallv cfjnnected C„,, Time of rise
0 pfif 0.4 n .sec.
30 „ o g  ,,
50 .. 1 I.J „
100 ,, 1.6
.7-00 . 3-0.
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The efjcct oj positive return jor the ^nd
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The cQds of the grid resistances which have so far been connected 
directly lo the cathodes may also be connected to a source ot positive poten­
tial E , .  This will be a purely d-c condition and will, theiefore, not change 
the differential equations (j) and {2), The discharge of the coupling con­
denser will, however, now lake place under different steady-state conditions 
and BO will affect the time of rise. It may be exiJecLed even quantitatively 
that by making the condeusei discharge sharper than before the switch-over 





A  set of values toi the time of rise has been calculated and plotted in 
F ig. 8 and the observations given in Table 111, were taken to check the 
general form of the result.
Ratio \= I I '/ I I + E+
F i g . 8
Calciilnleil Vdi iations of the tune of rise witli 
poijilivc grid return voltage
111 conclusion it must be stated that by means of a simple lineal analysis 
of the multivibrator circuit in the state when both tubes conduct, it is possible 
to obtain a fairly accurate idea of the quantitative value foi the time of 
switch-over. The variations of the tune of rise with diffeient circuit com­
ponents can also be predicted. The difference between the obscived and
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calculated results is explicable on the basis of assumptions made. The 
equations developed lead to reliable design criteria and, in fact, the author 
carried out such designs and constructed inullivibrators with frequencies of 
several megacycles per second.
T a b u .: I l l
Circuit of Fig. t with all resistances = io  k f i ; Cc =  3000 fifxi, \ 6J5 tubes 
witli 160 volts on the plates.
P o s i t i v e  r e t u r n P e a k  p l a t e C u t - o f f T i m e  o f
v o l t a g e v o l t a g e v o l t a g e r i s e
0  V . U 5  V . ^-,14.0 V .
T
M s e c .
2 5 II2 , , -12 .1  „ o - 3 2 \ „
15  . . 9 6  . - 1 1 - 3  .. 0  28  ^ „
6 5  „ 7 « — lO .O  , , 0 .2 6
.S5 . . 6 0  , , -  .'^ .0 „  ^ 0 24 , ,
4 1 —  6  0  , , 1 C) 2 2  ,,
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